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We suggest a description of the beam asymmetry in pp¯ and ΛΛ¯ photoproduction off the proton
~γ+p→ pp¯+p and ~γ+p→ ΛΛ¯+p, takes into account the contribution of the scalar mesons f0(1370),
f0(1500), and f0(1710). These scalars are considered as mixed states of a glueball and nonstrange
and strange quarkonia in the framework based on the use of effective hadronic Lagrangians. Present
results can be used to guide the possible search for this reaction by the GlueX Collaboration at
JLab. Also, we did an estimate of contribution of heavier scalar meson states f0(2020), f0(2100),
and f0(2200).
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I. INTRODUCTION
In this paper, we investigate the beam asymmetry in the pp¯ and ΛΛ¯ photoproduction due to the possible contribution
of scalar mesons. This reactions are relevant to the physical program of the GlueX Collaboration (Hall D) at JLab.
Note that the GlueX Collaboration recently reported [1] measurements of the photon beam asymmetry for the π0
and η photoproduction ~γp → pπ0 and ~γp → pη using a 9 GeV linear-polarized, tagged photon beam incident on a
liquid hydrogen target. The asymmetries, measured as a function of the proton momentum transfer, possess greater
precision than previous π0 measurements and are the first measurements involving the η meson in this energy regime.
The results are compared with theoretical predictions [2–5] based on t–channel, quasiparticle exchange and constrain
the axial-vector component of the neutral meson production mechanism in these models.
In present manuscript, we consider gluonic excitations in the intermediate mesons through photoproduction reac-
tions. When focusing on events without really observed mesons, the detection of the glueball or a glueball component
in a hadron is significantly simplified. The glueball will be present in these processes via its mixing with non-
strange and strange quarkonia components [6, 7]. In particular, the scalar fields f1 = f0(1370), f2 = f0(1500), and
f3 = f0(1710) are considered as mixed states of the glueball G and non strange N and strange S quarkonia [6, 7]
fi = Bi1N + Bi2G + Bi3S , i = 1, 2, 3, where the Bij are elements of the 3 × 3 mixing matrix rotating bare states
(N , G, S) into the physical scalar mesons fi. Therefore, the glueball G component will appear in the couplings of
scalar mesons with photon and vector (axial) mesons and in the scalar meson propagators, which are the basic blocks
for the calculation of the baryon-antibaryon photoproduction in our approach (see Fig. 1). Regarding the coupling of
scalar mesons with pp¯ and ΛΛ¯ pairs, we proceed as follows (see details in Appendix):
1) We neglect by the coupling of glueball component to pp¯ and ΛΛ¯.
2) In case of pp¯ photoproduction, we neglect by the coupling of strange quarkonia with pp¯ and suppose that fipp¯
couplings are dominated by the coupling of the nonstrange component of fi to nucleons.
3) In case of ΛΛ¯ photoproduction, we take into account the couplings of both nonstrange and strange components of
fi to Λ hyperons.
We start with definition of kinematics of the process of baryon-antibaryon photoproduction of the proton ~γ(q) +
p(p) → p(p′) + B(q1) + B¯(q2) and introduce beam asymmetry: 1) p, p′, q, q1, and q2 are the momenta of the initial
and final protons, photon, produced baryon and antibaryon, respectively. 2) Invariant Mandelstam variables s (total
energy), t (the square momentum transferred to the target proton), and s2 (the square of the invariant mass of the
produced BB¯ pair) are defined as
s = (p+ q)2 = (p′ + q1 + q2)2 ,
t = k2 = (p′ − p)2 = (q − q1 − q2)2 ,
s2 = (q1 + q2)
2 . (1)
2FIG. 1: Relevant diagrams describing the contribution of intermediate scalar mesons f
(i)
0 = f0(1370), f0(1500) and f0(1710)
to the photoproduction of the BB¯ pair through the exchange of vector V (j) = ρ0, ω and axial-vector A(j) = b1, h1 mesons (or
the corresponding Reggeons). Here, W = V,A and B = p,Λ.
3) The asymmetry ABB¯, written according to the known Basel convention as
ABB¯(t) =
dσ⊥/dΩ− dσ||/dΩ
dσ⊥/dΩ+ dσ||/dΩ
= PγΣcos 2ϕ (2)
can be measured experimentally at JLab in a large interval of t. The numerator on the rhs of Eq. (2) is the difference
of cross sections measured for linearly polarized photons, σ|| for the polarization along the x axis and σ⊥ for the
polarization along the y axis, which are named the “PARA” and “PERP” orientations, respectively. The asymmetry
ABB¯(t) of Eq. (2) includes the factor Pγ (the linear polarization of the initial photon beam), and thus the coefficient
Σ only can be considered as a beam asymmetry of the physical process. 4) We use the laboratory (Lab) frame with
the z axis directed along the photon momentum qµ = {|q|, 0, 0, |q|}. The absolute value of the 3-vector of the transfer
momentum k is expressed through t and nucleon mass mN as |k| =
√
−t
(
1− t
4m2
N
)
. The beam asymmetry depends
on the absolute value of k and the angles Ω = (θ, ϕ) of k with respect to the photon 3-momentum q and the direction
of the photon electric field E for the PARA variant of the polarization (E||x): kx = |k| sin θ cosϕ, ky = |k| sin θ sinϕ,
kz = |k| cos θ with
cos θ =
1 +
2m2N
t
t−s2
s−m2
N√
1− 4m2Nt
. (3)
In present paper, we consider theoretical predictions for the differential cross sections
dσ
P
dt
=
∫ s+
2
s−
2
ds2
d2σ
P
dtds2
, P = ⊥, || . (4)
As we mentioned before, the calculation is based on a model that takes into account the excitation of intermediate
scalar mesons considered as mixed states of quarkonia and glueballs. The unpolarized cross section, which is given
by the sum of both photon polarization cross sections with
d2σ
dtds2
=
d2σ||
dtds2
+
dσ2⊥
dtds2
=
1
2
N
(
|M|||2 + |M⊥|2
)
, and N = α
64π2(s−m2N )2
√
s2 − 4m2B
s2
, (5)
was considered in our recent work [8]. Here,M|| andM⊥ are the matrix elements for the PARA and PERP orientations
of photoproduction, α = 1/137.036 is the fine-structure constant, and mB is the mass of the produced baryon. The
physical region of the reaction is constrained by the limits of the Chew-Low plot, defined by equations
s−2 = 4m
2
B, s
+
2 =
s−m2N
2m2N
[√
t(t− 4m2N) +
s+m2N
s−m2N
t
]
, t± = m2N −
s−m2N
2s
[
s(s− s2)
s−m2N
−m2N ∓ λ1/2(s, s2,m2N )
]
(6)
where λ(x, y, z) = x2+ y2+ z2− 2xy− 2xz− 2yz is the Ka¨llen kinematical function. We have a characteristic value of
t(s2max) = m
2
N
[
2−
(
mN√
s
+
√
s
mN
)]
, s2max = (
√
s−mN )2 (7)
that corresponds to the maximum condition
ds+
2
dt
∣∣∣∣
t=t(s2max)
= 0.
3II. FORMALISM
In this section we discuss the formalism for the calculation of the beam asymmetry in the process of the baryon-
antibaryon photoproduction through the intermediate scalar meson based on the models proposed and developed
in Refs. [6–8]. The diagram in Fig. 1 schematically represents the contribution of intermediate scalar mesons f1 =
f0(1370), f2 = f0(1500) and f3 = f0(1710) to the photoproduction of the BiB¯i (with B1 = p, B2 = Λ) pair through
the exchange of vector V1 = ρ(770), V2 = ω(782) with J
PC = 1−− and axial-vector A1 = b1(1235), A2 = h1(1170)
mesons with JPC = 1+− (or the corresponding Reggeons).
The full Lagrangian relevant for the description of the BB¯ photoproduction processes γ + p → BB¯ + p involving
exchange by vector (axial) mesons in the t channel and contribution of scalar mesons in the s2 channel is given by a
sum of free Lfree(x) and interaction Lint(x) Lagrangians [6–8],
Lfull(x) = Lfree(x) + Lint(x) ,
Lfree(x) = LF (x) + Lf (x) + LV (x) + LA(x) + LB(x) , (8)
Lint(x) = LV pp(x) + LApp(x) + LfBB(x) + LfV γ(x) + LfAγ(x) ,
where LF , Lf , LV , LA, and LB are free parts of electromagnetic field, scalar, vector, axial mesons, and baryons,
respectively,
LF (x) = −1
4
Fµν(x)F
µν(x) ,
Lf (x) = 1
2
3∑
i=1
[
∂µfi(x)∂
µfi(x) −M2fif2i (x)
]
,
LV (x) = −1
2
2∑
i=1
[
∂νViµ(x)∂
νV µi (x)−M2V Viµ(x)V µi (x)
]
LA(x) = −1
2
2∑
i=1
[
∂νAiµ(x)∂
νAµi (x) −M2AAiµ(x)Aµi (x)
]
LB(x) =
2∑
i=1
B¯(x)(i 6∂ −mB)B(x) , (9)
and LV pp, LApp, LfV γ , LfAγ , and LfBB are the interaction Lagrangians of vector and axial mesons with protons,
with scalar mesons and a photon, and scalar mesons with baryons,
LV pp(x) =
2∑
i=1
p¯(x)
[
gVipp V
µ
i (x) γµ +
fVipp
4MN
V µνi (x)σµν
]
p(x) ,
LApp(x) =
2∑
i=1
p¯(x)
[
fAipp
4MN
Aµνi (x)σµνγ5
]
p(x) ,
LfBB(x) =
3∑
i=1
2∑
k=1
gfiBkBk fi(x) B¯k(x)Bk(x) , (10)
LfV γ(x) = e
2
Fµν(x)
3∑
i=1
2∑
j=1
gfiVjγ fi(x)V
µν
j (x) ,
LfAγ(x) = e
4
eµναβF
µν(x)
3∑
i=1
2∑
j=1
gfiAjγ fi(x)A
αβ
j (x) . (11)
Here we introduce the following notation: Fµν = ∂µAν − ∂νAµ, V µν = ∂µV ν − ∂νV µ, and Aµν = ∂µAν − ∂νAµ are
the stress tensors of the electromagnetic field, vector, and axial mesons, respectively.
The scalar fields are considered as mixed states of the glueball G and nonstrange N and strange S quarkonia [6, 7]:
fi = Bi1N + Bi2G + Bi3. The Bij are the elements of the mixing matrix rotating bare states (N , G, S) into the
physical scalar mesons [f0(1370), f0(1500), f0(1710)]. In Refs. [6, 7], we studied in detail different scenarios for the
4mixing of N , G, and S states. Here, we proceed with the scenario fixed in Ref. [7] from a full analysis of strong f0
decays and radiative decays of the J/ψ with the scalars in the final state:
B =

 0.75 0.60 0.26-0.59 0.80 -0.14
-0.29 -0.05 0.95

 . (12)
The coupling constants involving scalar mesons are given in terms of the matrix elements Bij and the effective
couplings csf and c
g
f of Ref. [7]:
gfiργ = 3gfiωγ = Bi1 c
s
f +Bi2
√
2
3
cgf . (13)
The effective couplings csf = 1.592 GeV
−1, and cgf = 0.078 GeV
−1 are fixed from data involving the scalar mesons fi.
In case of the fipp couplings, we suppose that they are dominated by the coupling of the nonstrange component to
the nucleon,
gfipp ≃ Bi1 gNpp . (14)
The coupling gNpp can be identified with the coupling of the nonstrange scalar σ meson to nucleons,
gNpp = gσpp ≃ 5 . (15)
In case of fiΛΛ couplings, we take into account the coupling of both nonstrange and strange components to the Λ.
We use the SU(6) quark model relations in order to derive fiΛΛ couplings.
The invariant matrix element corresponding to the diagram in Fig. 1 reads
M
V (ijk)λ
inv = G
V (ijk)
eff D
(i)
f (s2)D
(j)
V (t)
[
qαkµ − gαµk · q
]
u¯Bk(q1, σ1z) vBk(q2, σ2z)
× u¯p(p′, σ′z)
[
γαgVjpp + (kα − γα6 k)
fVjpp
2mN
]
up(p, σz) ǫ
λ
µ(q) (16)
in the case of vector (W = V ) meson exchange and
M
A(ijk)λ
inv = G
A(ijk)
eff D
(i)
f (s2)D
(j)
A (t) ε
µναβqαkβ u¯Bk(q1, σ1z) vBk(q2, σ2z)
× u¯p(p′, σ′z)
[
γνγ56 k
fAjPP
2mN
]
up(p, σz) ǫ
λ
µ(q) (17)
in the case of axial-vector (W = A) meson exchange. The indices i = 1, 2, 3; j = 1, 2, and k = 1, 2 correspond to
the summation over scalar [f1 = f0(1370), f2 = f0(1500), f3 = f0(1710)] and vector (axial-vector) [V1 = ρ
0, V2 = ω,
A1 = b1, A2 = h1] mesons, and baryons [B1 = p, B2 = Λ], respectively. Here, u¯Bk and vBk are the spinors denoting
the produced baryon and antibaryon; u¯p and up are the spinors denoting the final and initial proton; λ = ±1 is
the photon helicity; σz is the baryon spin projection on the z axis; D
(i)
f (s2) and D
(j)
V (A)(t) are the scalar and vector
(axial-vector) meson propagators, respectively, including their resonance parts,
D
(i)
f (s2) =
1
m2fi − s2 − imfi Γfi
,
D
(j)
V (A)(t) =
1
m2Vj(Aj) − t− imVj(Aj)ΓVj(Aj)
, (18)
where a set of masses and the widths of scalar mesons,
Mf1 = 1.432 GeV , Mf2 = 1.510 GeV , Mf2 = 1.720 GeV (19)
and
Γf1 = 350MeV , Γf2 = 109MeV , Γf3 = 135MeV (20)
is the prediction of our model (see Refs. [6, 7]), while for vector and axial mesons, we use cental values of data [9],
Γρ = 149.1MeV , Γω = 8.49MeV ,
Γb1 = 142MeV , Γh1 = 360MeV . (21)
5G
V (ijk)
eff (t, s2) and G
A(ijk)
eff (t, s2) are effective vertices, which are products of fBB, fV γ and fBB, fAγ phenomeno-
logical form factors, respectively,
G
V (ijk)
eff (t, s2) = gfiBkBk(s2) gfiVjγ(t) ,
G
A(ijk)
eff (t, s2) = gfiBkBk(s2) gfiAjγ(t) (22)
In Ref. [8] we dropped the s2 and t dependence of the corresponding form factors. However, in accordance with quark
counting rules [10–12], the form factors gfBB(s2) and gfV (A)γ(t) should scale at large s2 and t as
gV pp(t) ∼ 1
t2
, fV pp(t) ∼ 1
t3
, fApp(t) ∼ 1
t3
,
gfV (A)γ(t) ∼ 1
t
, gfBB(s2) ∼ 1
s22
, (23)
These scalings following from the scaling results for the differential cross sections of the pp¯ and ΛΛ¯ pair production
are consistent with the leading-twist quark fixed-angle counting rules [10–12],
dσ
dt
(A+B → C +D) ∝ F (θCM)/sN−2 , (24)
where N = NA + NB + NC + ND is the total twist or number of elementary constituents (NA = 1 for the photon,
NB = 3 for the initial proton, NC = 6 for the produced BB¯ pair, and ND = 3 for the final proton. In our case,
we get N − 2 = 11. When we calculate the matrix element squared contributing to the differential cross section [see
Eqs. (40] and (42) below), we find the product of V (A)pp, fV (A)γ, and fBB form factors should scale as 1/t3 · 1/s22.
Because of ρ(ω)− γ universality, the Dirac and Pauli V (A)pp form factors should scale as 1/t2 and 1/t3, respectively,
to the scaling of the Dirac and Pauli γpp form factors. fV (A)γ should scale as 1/t as other meson-meson-photon
form factors. Finally, we conclude that the fBB form factors should scale as 1/s22.
We model the momentum dependence of hadronic form factors as
gfBB(s2) = gfBB(M
2
f )
[
Λ2f +M
2
f
Λ2f + s2
]2
,
gfV (A)γ(t) = gfV (A)γ(M
2
V (A))
Λ2V (A)
Λ2V (A) +M
2
V (A) − t
,
gV pp(t) = gV pp(M
2
V )
[
Λ2V
Λ2V +M
2
V − t
]2
,
fV (A)pp(t) = fV (A)pp(M
2
V (A))
[
Λ2V (A)
Λ2V (A) +M
2
V (A) − t
]3
, (25)
where ΛV , ΛA, and Λf are the cutoff parameters. In numerical calculations, we will use for simplicity the universal
parameter for ΛV and ΛA, Λ = ΛV = ΛA, and fix its square Λ
2 at 0.7 GeV2, i.e., at the value at which where results
of the Born approximation are close to the Regge approximation results. Also, for a comparison, we will study a
sensitivity of the results for the BB¯ photoproduction to a variation of Λ2 from 0.7 to 2 GeV2. For Λf , we choose
Λf = 2MB. For convenience, we normalize the form factors on the mass shell of scalar and vector (axial) mesons:
s2 = M
2
f and t = M
2
V for gfBB(s2) and gfV (A)γ(t), gV pp(t), fV (A)pp(t), respectively. The couplings gfNN(M
2
f ) and
gfV γ(M
2
V ) have been fixed in our previous paper [8]:
gf1ργ = 3gf1ωγ = 1.24GeV
−1 ,
gf2ργ = 3gf2ωγ = −0.90GeV−1 ,
gf3ργ = 3gf3ωγ = −0.47GeV−1 ,
gf1NN = 3.75 , gf2NN = −2.95 , gf3NN = −1.45 . (26)
For the coupling constants ρpp and ωpp (gρpp, gωpp, fρpp, fωpp) we consider two variants, as in Ref. [8], variant I and
variant II, which are
gρpp = 2.3 , gωpp = 3 gρpp , fρpp = 3.66 gρpp , fωpp = −0.07 gωpp (variant I) ,
gρpp = 3.4, gωpp = 15, fρpp = 20.7, fωpp = 0 (variant II) . (27)
6In case of axial meson couplings, we take b1pp and h1pp couplings from Ref. [13],
gb1pp = 8.83 , gh1pp = 3.06 (28)
and identify the fiAγ couplings with corresponding fiV γ couplings
gfiργ = 3gfiωγ = gfib1γ = 3gfih1γ . (29)
The couplings of scalar mesons with hyperons are fixed using SU(6) quark model relations (see details in the Ap-
pendix):
gf1ΛΛ = 4.699 , gf2ΛΛ = −3.445 , gf3ΛΛ = 1.908 . (30)
In both cases (Feynman propagators and Regge trajectories), the spin structure of the corresponding vertices are
equivalent to each other, and thus we only have to calculate the vector (axial-vector) meson vertex. It is further
sufficient to substitute the Regge trajectories for the scalar parts of the vector (axial-vector) meson propagators as
1
t−m2V
→ DV (t) =
(
s
s0
)αV (t)−1
(−α′V ) Γ(1− αV (t))
−1 + eipiαV (t)
2
(31)
into the final expression, where αV (t) = α0V + α
′
V t. In the case of a single Regge trajectory, the factors (31) do
not influence the value of the ratio (2) because they cancel each other in the numerator and the denominator. But
in the case of several trajectories, the ratio (2) can dramatically depend on the position of points t0, where the
Regge trajectory αj(t) has a zero with αj(t0j) = 0. For example, the zero point t0ρ ≈ −0.6 GeV2 of the ρ meson
trajectory does not coincide with the zero point |t0b1 | ≈ 0.01 of the unnatural parity trajectory [the unnatural parity
b1(1235), h1(1170) exchanges are allowed for f0 photoproduction because of charge parity conservation], and in the
region of t close to t0ρ and t0b1 , the beam asymmetry Σ(t) for f0 (or for π
0, η) photoproduction can be represented
in the lowest order of (t− t0ρ) and (t− t0b1) by
ΣRegge(t) ≈
c2ρ(t− t0ρ)2 + c2b1(t− t0b1)2 + 2cρcb1(t− t0ρ)(t− t0b1)
d2ρ(t− t0ρ)2 + d2b1(t− t0b1)2 + 2dρdb1(t− t0ρ)(t− t0b1)
, (32)
where cρ, cb1 and dρ, db1 are coefficients at the first nonzero terms of Taylor series for Reggeons (31) involved in
Eq. (2) (for the numerator and denominator, respectively). These coefficients are defined by parameters of different
mesons, ρ and b1, and thus
cρ
dρ
6= cb1db1 . It is easily seen that ΣRegge(t) will jump from the value
cρ
dρ
to the one of
cb1
db1
inside a relatively small interval −t0b1 ≤ −t ≤ −t0ρ that disturbs the smooth behavior of this function. As a result,
the Regge model results in a large dip for the beam asymmetry Σ(t) in the region of −t ≈ 0− 0.6 GeV2 for the π0, η
photoproduction [14]. It may occur in the f0 photoproduction as well.
Hence, we cannot only use the Feynman amplitudes for the evaluation of the asymmetry (2). The functions (31)
also play an important role in the formation of the t dependence of Σ. As in our recent work [8], we use two variants
for the parameters of the Regge trajectories: α0ρ = 0.53, α
′
ρ = 0.85GeV
−2, α0ω = 0.4, α′ω = 0.85GeV
−2, and
s0 = 1 GeV
2 in the case of variant I and α0ρ = 0.55, α
′
ρ = 0.8GeV
−2, α0ω = 0.44, α′ω = 0.9GeV−2, and s0 = 1 GeV2
for variant II. Now, we add the unnatural parity trajectory with α0b1 = 0.0676, α0h1 = 0.0418, and α
′
b1
= α′h1 =0.7
GeV−2 in both variants.
For the photon polarized along the x axis, we define the polarization vector as ǫ
||
µ(q) = (−ǫ+1µ +ǫ−1µ )/
√
2 = {0, 1, 0, 0}
and for the photon polarized along the y axis we define it as ǫ⊥µ (q) = i(ǫ+1µ + ǫ−1µ )/
√
2 = {0, 0, 1, 0}. The photon spin
density matrices for such states have the simplest representation in terms of Lorentz indices µ, ν in the Lab frame:
ρ||µν = ǫ
||
ν
†
ǫ||µ = diag(0, 1, 0, 0) , ρ
⊥
µν = ǫ
⊥
ν
†
ǫ⊥µ = diag(0, 0, 1, 0) . (33)
Using these expressions one can write the PARA and PERP parts of the cross section (5) as
|MP|2 = 1
2
∑
ij
∑
i′j′
∑
σzσ′z
∑
σ1zσ2z
M (i
′j′)∗(σ′z , σz , σ1z , σ2z; ν)M
(ij)(σ′z , σz, σ1z , σ2z ;µ)ρ
P
µν , P = ||,⊥ , (34)
where we represent the lhs of Eq. (8) as M
(ij)λ
inv = M
(ij)(σ′z , σz , σ1z, σ2z ;µ)ǫ
λ
µ. The full invariant matrix element is
the sum over all scalar and vector mesons Mλinv =
∑
ij M
(ij)λ
inv . Then, using the rhs of Eq. (16), one can obtain, after
elementary calculations, the final expressions for the squared matrix elements (34):
|MP|2 = 4(s2 − 4m2B)
∑
ijk
∑
i′j′k′
(Wµν)ijk,i
′j′k′ ρPµν . (35)
7Wµν is the hadronic tensor, which in the case of vector meson exchange factorizes as
Wµν = G
V (i′j′k′)
eff G
V (ijk)
eff D
(i′)
f (s2)D
(i)
f (s2)D
(j′)
V (t)D
(j)
V (t)T
µν,⊥
jj′ , (36)
where
T µν,⊥jj′ =
1
2
[
(gVjpp + fVjpp) (gVj′PP + fVj′pp) g
µν
⊥ k
2(k · q)2 + 4
(
gVjpp gVj′pp −
k2
4m2N
fVjpp fVj′pp
)
fµν⊥
]
. (37)
Here, gµν⊥ and f
µν
⊥ are the tensors, which are explicitly orthogonal to the photon momentum
gµν⊥ = g
µν − k
µqν
k · q −
kνqµ
k · q + k
µkν
q2
(k · q)2 ,
fµν⊥ = n
µ
⊥n
ν
⊥ , n
µ
⊥ =
1
m3N
[
pµ (p′q)− p′µ (p′q)
]
, (38)
i.e., obey the transversity conditions
qµg
µν
⊥ = qνg
µν
⊥ , qµf
µν
⊥ = qνf
µν
⊥ , qµn
µ
⊥ = 0 . (39)
The final result can be written in terms of the Lorentz invariants s, s2, t by using equations p
2 = p′2 = m2N , p · q =
(s−m2N )/2, p′ · q = (s+ t− s2−m2N )/2, p · p′ = m2N − t/2, and p · k = −t/2. After summation over µ and ν, one gets

|MV|| |2
|MV⊥ |2

 = (s2 − 4m2B)
∑
ijk
∑
i′j′k′
GVeff(i
′j′k′, ijk)Df0V (i
′j′, ij; s2, t)
×
[
2
(
gVjpp(t)+fVjpp(t)
)(
gVj′pp(t)+fVj′pp(t)
)(−t
4
)
(s2−t)2
+
(
gVjpp(t) gVj′pp(t)−
t
4m2N
fVjpp(t) fVj′pp(t)
)
(s−m2N)2|k|2sin2θ


cos2ϕ
sin2ϕ


]
, (40)
where GVeff(i
′j′k′, ijk) = GV (i
′j′k′)
eff G
V (ijk)
eff and
DfV (A)(i
′j′, ij; s2, t) = D
(i′)†
f (s2)D
(i)
f (s2)D
(j′)†
V (t)D
(j)
V (t)
=
1
(m2fi − s2)2 +m2fiΓ2fi
· 1
(m2Vj(Aj) − t)2 +m2Vj(Aj)Γ2Vj(Aj)
. (41)
In the case of the diagram with the axial-vector meson exchange, one obtains an analogous expression with

|MA|| |
2
|MA⊥ |
2

 = (s2 − 4m2B)
∑
ijk
∑
i′j′k′
GAeff(i
′j′k′, ijk)DfA(i′j′, ij; s2, t)
×
[
fAjpp(t)fAj′pp(t)(s−m2N )2|k|2sin2θ


sin2ϕ
cos2ϕ


]
. (42)
Note that sin2ϕ and cos2ϕ in the rhs column are exchanged when comparing the expression of Eq. (42) to the one of
Eq. (40). Such a permutation corresponds to the change of the vertex γV f0 with Lorentz structure
[
qαkµ − gαµk · q
]
to the γAf0 vertex with ε
ρσαµqρkσ in passing from the vector amplitude (16) to the axial-vector one (17). The vertex
γV f0 generates the scalar product nˆ · kˆ = sin θ cosϕ (i.e., the factor sin2 θ cos2 ϕ in the PARA cross section), while
the vertex γAf0 generates the vector product nˆ × kˆ ∼ sin θ sinϕ (i.e., the factor sin2 θ sin2 ϕ in the PARA cross
section), where nˆ is the vector of photon polarization.
The upper line in the lhs columns of Eqs. (40)-(42) corresponds to the cross section for photon polarized along the x
axis, i.e., nˆ = xˆ. Thus, the contribution of the axial-vector exchange to the asymmetry (2) given by (PERP-PARA)A
8∼ cos2 ϕ − sin2 ϕ = cos 2ϕ has a negative sign when compared to the contribution of the vector exchange, (PERP-
PARA)V ∼ sin2 ϕ − cos2 ϕ = − cos 2ϕ. It is also important to note that no interference occurs between the vector
and axial-vector amplitudes (16) and (17) in the spin average (34), and the substitution M (ij) →MV (ij) +MA(ij) to
Eq. (34) gives |MVP |2 + |MAP |2, P = ||,⊥.
Now the asymmetry (2) can be rewritten through the event yields Y||(t) and Y⊥(t), which are proportional to
N ∫ (|MV|| |2 + |MA|| |2) ds2 and N ∫ (|MV⊥ |2 + |MA⊥ |2) ds2, respectively. Using Eqs. (40) and (42), one can obtain
ABB¯(t) =
Y⊥(t)− Y||(t)
Y⊥(t) + Y||(t)
=
IVnum(t) + I
A
num(t)
IVden(t) + I
A
den(t)
cos 2ϕ = Σ(t) cos 2ϕ , (43)
where
IVnum(t) = −
∫ s+
2
s−
2
ds2
√
s2 − 4m2B
s2
(s2 − 4m2B)
∑
ij
∑
i′j′
GVeff(i
′j′k′, ijk)Df0V (i
′j′, ij; s2, t)
×
(
gVj′pp(t) gVjpp(t)−
t
4m2N
fVj′pp(t) fVjpp(t)
)
(s−m2N )2|k|2sin2θ, (44)
IAnum(t) =
∫ s+
2
s−
2
ds2
√
s2 − 4m2B
s2
(s2 − 4m2B)
∑
ij
∑
i′j′
GAeff(i
′j′k′, ijk)Df0A(i
′j′, ij; s2, t)
× fAj′pp(t) fAjpp(t)
( −t
4m2N
)
(s−m2N)2|k|2sin2θ, (45)
IVden(t) =
∫ s+
2
s−
2
ds2
√
s2 − 4m2B
s2
(s2 − 4m2B)
∑
ij
∑
i′j′
GVeff(i
′j′k′, ijk)Df0V (i
′j′, ij; s2, t)
×
[
2
(
gVjpp + fVjpp
)(
gVj′pp + fVj′pp
)(−t
4
)
(s2 − t)2
+
(
gVj′pp(t) gVjpp(t)−
t
4m2N
fVj′pp(t) fVjpp(t)
)
(s−m2N )2 |k|2sin2θ
]
(46)
IAden(t) =
∫ s+
2
s−
2
ds2
√
s2 − 4m2B
s2
(s2 − 4m2B)
∑
ij
∑
i′j′
GAeff(i
′j′, ij)Df0A(i
′j′, ij; s2, t)
× fAj′pp(t) fAjpp(t)
( −t
4m2N
)
(s−m2N )2|k|2sin2θ (47)
Note that it is trivial to generalize Eq. (43) to the case of a partially polarized photon beam (Pγ 6= 1) using the
substitution
Y||(t) = N (1 − PγΣ(t) cos 2φ), Y⊥(t) = N (1 + PγΣ(t) cos 2φ) . (48)
Finally, we define the integrated beam asymmetry 〈Σ〉 as
〈Σ〉 =
∫
dt
[
IVnum(t) + I
A
num(t)
]∫
dt
[
IVden(t) + I
A
den(t)
] , (49)
where IAnum defined in Eq. (45) is negative, which should diminish the beam asymmetry Σ(t) generated by ρ and ω
exchange diagrams.
9III. RESULTS
We study the linearly polarized beam asymmetry Σ(t) for the pp¯ and ΛΛ¯ photoproduction off the proton. We
calculate the t dependence of the beam asymmetry Σ(t) for the photon energies Eγ = 5 and 9 GeV (relevant for the
JLab experiment) following Eqs. (43)-(47) and using the photoproduction model recently developed in Ref. [8]. The
obtained results for the pp¯ photoproduction are shown in Figs. 2 and 3 for Eγ =5 and 9 GeV, respectively. The
results for the ΛΛ¯ photoproduction are shown in Fig. 4 for Eγ =9 GeV.
Note that at Eγ =5 GeV the maximum value of s2 in the ΛΛ¯ channel defined by Eq. (7) is only 0.15 GeV higher
than the ΛΛ¯ threshold value 4m2Λ, and thus the ΛΛ¯ cross section is very small as compared to the one of pp¯ production
because of the small phase space. For this reason, the ΛΛ¯ cross section is not shown for Eγ =5 GeV.
One can see that in the considered energy interval the absolute value of asymmetry Σ is increasing with the
increasing of photon energy and approaching to −1 in the limit of large s due to 〈Σ〉 = −1 + O(1/s). For example,
the contribution of vector meson exchange (Figs. 2 and 3) to the integrated asymmetry 〈Σ〉 is −0.119 at Eγ = 5 GeV,
and it takes the value of −0.509 at Eγ = 9 GeV.
The contribution of exchanged vector and axial-vector mesons to the pp¯ photoproduction is described in terms of
a Regge pole model for two sets of effective parameters, coupling constants Geff and the values of α0, α
′, which are
characteristic of the Regge pole trajectories. It turns out, as seen in Figs. 2-4, that for the standard set used in meson
exchange models (variant I) the calculated cross section is several times smaller than for the set usually used in the
Regge approach (variant II). As was shown in Ref. [8], the Born approximation results in an overestimate of the cross
section if one uses the vertices without form factors. Now, we show that the insertion of form factors (25) restores
the agreement between Regge model predictions and the description in terms of a modified Born approximation.
The beam asymmetry Σ(t) does not depend on the explicit values of the effective parameters. The results of the
calculations made in both the Regge and Born approximations are very close each other, if one neglects the axial-
vector meson exchanges. The beam asymmetry Σ(t) calculated in the Born approximation does practically not differ
from the results of the Regge model calculations, except the region −t ≈ 0−0.6 GeV2, where the vector (axial-vector)
meson trajectory passes through zero [αj(t0j) = 0, j = V,A]. Then, the denominator in Eq. (49) is close to zero. In
such a situation, the behavior of Σ(t) is determined by the approximation (32), which predicts a nontrivial jump of
Σ(t) if t0b1 6= t0ρ.
Note that not only for the cases of vector and axial-vector Reggeon exchanges such jumps occur. In the case of
two different vector resonances, ρ and ω, the t behavior of the asymmetry Σ(t) should also be disturbed by the same
mechanism, if t0ω 6= t0ρ. However, this can rather be considered as an artifact of the Regge-pole approximation.
For example, the zero points of ρ and ω trajectories, t0ρ and t0ω, for the widely used sets of parameters (e.g. for
variant I or II) are very close to each other because both sets practically correspond to the same trajectory (the
trajectory of natural parity resonances). In practice, one can slightly change the parameters of the ω trajectory to
obtain an exact equality t0ω = t0ρ (without any essential change in the observables), and then the irregular behavior
of Σ(t) near t0 disappears. Here, we use such modified parameters for the ω trajectory in variant I (α
′
ωmod =0.8355,
α0ωmod =0.4805) and for the ρ trajectory in variant II (α
′
ρmod =0.9143, α0ρmod =0.4501), and thus there are no
irregularities in the Σ(t) behavior, when only the contributions of natural parity resonances (V = ρ, ω) are taken into
account [the lower curves ”V ” in Figs. 2(a), 3(a) and 4(a)]. However, it would be impossible to cancel the irregularity
of Σ(t) near t0, when one takes into account the contribution of two really different trajectories (e.g., the trajectories
for natural and unnatural parity resonances: see curves ”V +A” in Figs. 2-4), because in this case the zero points of
such trajectories should be different by physical terms.
It is apparent that, in addition to the contribution of the f0(1370), f0(1500), and f0(1710) states in the observables
of the baryon-antibaryon production, one should consider contribution of other meson resonances of positive charge
parity, which are sufficient in the considered energy interval. For example, poorly established scalar mesons f0(2020),
f0(2100), and f0(2200) could give a large contribution in considered physical properties since their masses are close
to the pp¯ threshold. Unfortunately, their coupling constants gγV fi and gfiNN are poorly known. Therefore, for a
rough estimate of a role of such ”background” processes, we calculate the asymmetry Σ and the differential cross
section dσdt , taking into account the contribution of the f0(2020), f0(2100), and f0(2200) states for which we use the
corresponding coupling constants defined for f0(1370), f0(1500), and f0(1710) states, respectively. We take masses
and widths of the f0(2020), f0(2100), and f0(2200) from data [9]:
Mf0(2020) = 1.992GeV , Mf0(2100) = 2.101GeV , Mf0(2200) = 2.189GeV ,
Γf0(2020) = 442MeV , Γf0(2010) = 224MeV , Γf0(2200) = 238MeV . (50)
The results, obtained within the Regge model and with taking into account f0(2020), f0(2100), and f0(2200) states,
are shown in Figs. 2(a), 2(b), 3(a), and 3(b). It is seen that additional intermediate mesons can significantly contribute
to the cross section but they cannot significantly change the asymmetry Σ.
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While in a Regge approximation the t dependence of the cross section is fixed by the known parameters of Regge-pole
trajectories, in a Born approximation the t dependence is defined by form factors which are poorly known. Moreover,
a small variation of the cutoff Λ in vertex form factors (25) leads to a large variation of the cross section as it is shown
in Fig. 5 for Λ2 =0.7, 0.8, 1, 1.2, and 2 GeV2. One can see that only for Λ2 ≈ 0.7− 1 GeV are the Born results close
to the stable results of the Regge model, but even at a small enhancement of Λ2 up to 2 GeV2, the Born cross section
increases in an order of magnitude.
One can estimate the role of the axial-vector mesons (b1, h1) in the formation of a beam asymmetry in pp¯ (ΛΛ¯)
photoproduction comparing the Regge results obtained without the b1+h1 contribution [the curves ”V ” in Figs. 2(a),
3(a), and 4(a)] with the results that take into account all exchanges ρ + ω + b1 + h1 (the curves ”V + A”). It
is seen that adding the b1 and h1 contributions does considerably lower the asymmetry Σ(t) [in accordance with
the analytical results (44), (45)] and only slightly increases the differential cross section [see Figs. 2(a) and 2(b)].
This common qualitative conclusion does not depend on concrete values of the poorly understood axial-vector meson
coupling constants (following the evaluations made in Ref. [14] on the basis of π0, η photoproduction, we use here
the same values of couplings as for the corresponding vector meson coupling constants). Quantitatively, the effect of
lowering the absolute value of beam asymmetry |Σ(t)| through the b1 + h1 Reggeon exchange depends on concrete
values for the axial-vector coupling constants, and thus the new data on pp¯ and ΛΛ¯ photoproduction would be very
useful for their evaluation.
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Appendix A: Coupling constants for ΛΛ¯ channel
The scalar fields fi are considered as mixed states of the glueball G and nonstrangeN and strange S quarkonia [6, 7]
fi = Bi1N + Bi2G + Bi3S, where the Bij are elements of the mixing matrix rotating bare states (N , G, S) into the
physical scalar mesons [f0(1370), f0(1500), f0(1710)]. In Refs. [6, 7], we studied in detail different scenarios for the
mixing of N , G, and S states. Here, we proceed with the scenario fixed in Ref. [7] from a full analysis of strong f0
11
decays and radiative decays of the J/ψ with the scalars in the final state:
B =

 0.75 0.60 0.26-0.59 0.80 -0.14
-0.29 -0.05 0.95

 . (A1)
The coupling constants involving scalar mesons are given in terms of the matrix elements Bij and the effective
couplings csf =1.592 GeV
−1 and cgf =0.078 GeV
−1 of Ref. [7] fixed from data involving the scalar mesons fi:
gfiργ = 3gfiωγ = Bi1 c
s
f +Bi2
√
2
3
cgf . (A2)
In case of the fiNN couplings, we suppose that they are dominated by the coupling of the nonstrange component to
the nucleon gfiNN ≃ Bi1 gNNN . The coupling gNNN can be identified with the coupling of the nonstrange scalar σ
meson to nucleons,
gNNN = gσNN ≃ 5 , (A3)
which plays an important role in phenomenological approaches to the nucleon-nucleon potential generated by meson
exchange [15].
In the case of the couplings of scalar mesons with hyperons, we use SU(6) quark model relations. The master
formulas are:
cNpp = 〈p ↑ |
3∑
i=1
IiN |p ↑〉
cNΛΛ = 〈Λ ↑ |
3∑
i=1
IiN |Λ ↑〉
cSΛΛ = 〈Λ ↑ |
3∑
i=1
IiS |Λ ↑〉 , (A4)
where IN = diag(
1√
2
, 1√
2
, 0), IS = diag(0, 0, 1). Using the proton and Λ hyperon SU(6) wave functions
|p ↑〉 = 1√
2
[
1
6
(udu+ duu− 2uud)(↑↓↑ + ↓↑↑ −2 ↑↑↓)
+
1
2
(udu− duu)(↑↓↑ − ↓↑↑)
)
,
|Λ ↑〉 = 1√
12
[
uds(↑↓↑ − ↓↑↑) + dus(↓↑↑ − ↑↓↑) + usd(↑↑↓ − ↓↑↑)
+ sud(↑↑↓ − ↑↓↑) + dsu(↓↑↑ − ↑↑↓) + sdu(↑↓↑ − ↑↑↓)
]
(A5)
gives
cNpp =
3√
2
, cNΛΛ =
√
2 , cSΛΛ = 1 . (A6)
Using our result for gfiNN = Bi1 gNNN [8], we get gfiΛΛ = Bi1 gNΛΛ +Bi3 gSΛΛ, where gNΛΛ and gSΛΛ are deduced
from the ratios
gNΛΛ
gNpp
=
cNΛΛ
cNpp
=
2
3
,
gSΛΛ
gNpp
=
cSΛΛ
cNpp
=
√
2
3
(A7)
as
gNΛΛ =
2
3
gNpp , gSΛΛ =
√
2
3
gNpp . (A8)
Using Eqs. (A1)-(A3) and the values of gf1NN = 3.75 , gf2NN = −2.95 , and gf3NN = −1.45 , we get
gf1ΛΛ = 4.699 , gf2ΛΛ = −3.445 , gf3ΛΛ = 1.908 . (A9)
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FIG. 2: The pp¯ photoproduction off the proton, Eγ =5 GeV: (a) beam asymmetry Σpp¯, (b) dσpp¯/dt in the Regge-pole
approximation, (c) dσpp¯/dt in the Born approximation. In panel a, the lower two curves (without a peak at −t ≈ 0.6 GeV
2)
correspond to the vector meson exchange (V = ρ + ω) in the Born (dotted-dashed curve) and Regge-pole (dashed curve)
approximations. The upper two curves are obtained for the sum of vector and axial-vector meson exchanges (V + A =
ρ + ω + b1 + h1) for the Regge-pole approximation with taking into account six (solid curve) and three (pointed curve)
intermediate scalar mesons, respectively. In panel b, results for two sets of effective parameters are presented: the lower two
curves – variant I (dashed for V + A and two-pointed dashed for V exchanges) and the upper two curves, variant II (solid
for V + A and dotted-dashed for V exchanges). In panel c, the same notations for the curves are used as in panel b. Dotted
curves in panels a, b, and c show the results obtained with taking into account the contribution of only three intermediate
scalar mesons, f0(1370), f0(1500), and f0(1710). The rest takes into account also the contribution of f0(2020), f0(2100), and
f0(2200).
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FIG. 3: The pp¯ photoproduction for Eγ =9 GeV. The same content of panels as in Fig. 2.
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FIG. 4: The ΛΛ¯ photoproduction for Eγ =9 GeV. The same content of panels as in Fig. 2.
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FIG. 5: The pp¯ photoproduction for Eγ =9 GeV. The Born approximation for different values of the cutoff parameters
Λ = ΛV = ΛA (Λ
2 =0.8, 1, 1.2, and 2 GeV2) is shown in comparison to the choice Λ2 =0.7 GeV2 (solid curve) used in this
work.
